Summ ary: A total of 72 RG-2 transplanted gliomas were studied in 58 rats at three time points (1, 30, 240 min) after intravenous injection of [125Ilradioiodinated serum albumin ([125I]RISA). The animals were divided into two groups: a control group that received no treatment and a second group that was treated with five doses of 1.5 mg/kg of dexamethasone over 2.5 days. Local tissue con centrations of [125I]RISA were measured with quantita tive autoradiography based on morphological features of the tumors and used to calculate the tissue distribution space. Two models were used to analyze the data. A two compartment model yielded estimates of local blood-to tissue influx constants (K I ), lower limit extracellular volumes (Ve), and plasma vascular volumes (Vp) in dif ferent tumor regions. Tr eatment with dexamethasone consistently reduced the RISA distribution space in the RG-2 tumors; the reduction in Ve was statistically signifi cant in almost all tumor regions: whole tumor Ve (mean ± SE) was reduced from 0.14 ± 0.02 ml g -I in control animals to 0.08 ± 0.01 ml g-l in dexamethasone treated animals. K I and Vp were also decreased in all tumor re gions after treatment with dexamethasone (whole tumor KI decreased from 2.36 ± 0.89 to 0.83 ± 0.29 I.d g-I min-1 and Vp decreased slightly from 0.016 ± 0.013 to 0.010 ± 0.005 ml g-l after dexamethasone treatment), but these changes were not statistically significant. A
comparison of the tumor influx constants in control an imals and the aqueous diffusion constants of two different size molecules (RISA and amino isobutyric acid) suggests that the "pores" across RG-2 capillaries are large and may not restrict the free diffusion of RISA (estimated minimum pore diameter > 36 nm) and that the total pore area is -6.2 x 10-5 cm2 g-I in RG-2 tumor tissue. The second model, which allows for diffusion and solvent drag of RISA across tumor capillaries and through the tissue, was used to analyze the distribution profiles of RISA in peripheral tumor and adjacent brain. This anal ysis was consistent with a small bulk flow of plasma-de rived edema fluid (capillary filtration rate = 0.8 I·d g-I min -I) and a larger component of free diffusion of RISA ( K = 2 fLl g-I min-I) through pores in the tumor vessels of control animals. Dexamethasone treatment markedly reduced or eliminated the filtration of plasma-derived fluid across tumor capillaries and the movement of RISA through the extracellular space by solvent drag. These effects may be mediated by a reduction in the size of the extracellular space and/or a decrease in the pore size of tumor capillaries and could represent an important mech anism for corticosteroid control of tumor and peri tumoral brain edema. Key Words: Albumin distribution-Brain edema-Brain tumor-Capillary permeability-Dexa methasone-Glioma -RISA.
For over 20 years , dexamethasone has occupied a special niche in the treatment of brain tumors-it rapidly and profoundly improves many of the symptoms associated with brain tumors (Galicich et al ., 1961; Selker, 1983) . The mechanism by which dexamethasone produces the se dramatic clinical changes has never been entirely clear, although dexamethasone is almost universally believed to re duce tumor-associated brain edema (Hatam et al., 1982; Neuwelt et al ., 1982; Selker, 1983) . In sys temic organs, the fo rmation of edema can usually be correlated with changes in the pattern or rate of albumin movement into and out of the tissue . In normal brain, albumin crosses the blood-brain bar rier at a very slow rate: The blood-to-tissue transfer constant (K 1 ) is �0. 003 j.LI g-I min -lor less (R. G. Blasberg et al ., unpublished observations) . Even though a lymphatic system does not exist in brain, a clearance mechanism for albumin and other pro teins apparently exists that maintains the differ ences between brain extracellular fluid and plasma protein concentrations (Cserr and Ostrach, 1974; Blasberg, 1976; Cserr et al ., 1981; Vorbrodt et al ., 1985) . When the influx of albumin and other plasma solutes into brain tissue is increased in pathological conditions, such as brain tumors , it is likely that the capacity of the normal mechanisms for clearing plasma proteins, ions, and water from brain extra cellular fluid are exceeded (Reulen, 1976; Reulen et al ., 1977 Reulen et al ., , 1978 Klatzo et al ., 1980; Hossmann et al ., 1980 Hossmann et al ., ,1983a Kuroiwa et al ., 1985) . Under these conditions, vasogenic brain edema may de velop.
To fu rther understand the processes that cause edema around brain tumors , as well as to study the effects of dexamethasone on this type of edema, the regional distribution of [l25I]radioiodinated human serum albumin ([ 1 25I]RISA) in RG-2 experi mental gliomas was examined both before and after administration of dexamethasone . This study is one of three studies addre ssing the effects of dexameth asone on RG-2 gliomas . The companion studies deal with the effect of dexamethasone on vascular volume and tissue hematocrit (Nakagawa et al ., 1988) and on concurrently measured blood-to tissue transport of alpha aminoisobutyric acid (AlB) and blood flow (in preparation) .
MATERIALS AND METHODS

Tumor and animal preparation
Experimental RG-2 brain tumors were produced in Fischer-344 rats by injecting 2 !Ll (IQ5 tumor cells/ml) into the right hemisphere, as previously described Groothuis et al., 1983) . The animals were J Cereb Blood Flow Metab, Vol. 7, No.6, 1987 selected for placement into treatment and control groups when they began losing weight or began showing signs of CNS involvement, usually 18 to 25 days after injection. For the treatment group, intramuscular injections of dexamethasone (1.5 mg/kg twice a day) were started 48 h prior to study; a total of five doses was administered. On the day of a study, the rats were prepared for experiments as previously described Groothuis et al., 1983) : Femoral arterial and venous catheters were inserted under halothane-nitrous oxide-oxygen anes thesia, local anesthetic (2% xylocaine jelly) was applied, and a single extracorporeal arteriovenous (A V) shunt was formed with a three-way stopcock. The rats were then immobilized by wrapping them with a loosely fitting, 2inch plaster bandage and allowed to recover from anes thesia for at least 1 h prior to study.
Arterial blood pressure and rectal temperature were monitored before and during the experiment. Rectal tem perature was kept at 36-3rC with radiant heat lamps. Arterial blood gases were measured during the recovery period from anesthesia and immediately prior to the ex periment ( Fig. 1 ).
Experimental procedures
[125I]RISA (specific activity 8.5 !LCi/mg, 100 !LCi/ml; Mallincrodt Inc., St. Louis, MO, U.S.A.) was added to ion exchange beads to remove free iodide. Purity of the [125I]RISA, as determined by 10% perchloric acid precipi tation, was always >98%.
Three experimental time periods (1-, 30-, and 240-min) were studied. [125I]RISA (100 !LCi) in 1 ml was injected intravenously and timed arterial blood samples were drawn. For the I-min experiments, the injection was over lO-s and blood was drawn at 15-s intervals. For the 30min experiments, the injection was over 1 min and blood was drawn at 5, 10, 15, 20 and 30 min. For the 240-min experiments, 100 !LCi of [125I]RISA was injected over 1 min and was followed by a slow, constant infusion of 50 !LCi between 15 and 240 min; blood was sampled every 30 min. At the end of each experiment the animal was killed by decapitation; the brain was rapidly removed from the skull, frozen in liquid freon, and stored at -80°C as pre viously described Groothuis et al., 1983) . Blood samples were centrifuged and plasma ac tivity determined by gamma spectroscopy and use of ap propriate decay corrections.
Quantitative autoradiography and histology
Tissue sections of the brain and sections of 15 freshly prepared autoradiographic standards of 1251 were pro cessed for histology and quantitative autoradiography, as previously described Blasberg et aL, 1984) . The dried sections of brain and standards were exposed to single-coated x-ray film (SB-5; Kodak, Roch ester, NY, U.S.A.) for 10 days. The range of radioactivity of the standards was 8 to 18,640 nCi/g. Measurements of optical density within 50 x 50 !Lm elements of the brain and standard images on the x-ray film were performed and stored by an image processing system (Goochee et aL, 1980; Blasberg et aL, 1981) . Optical density measure ments of the brain images were converted to tissue radio activity values as follows: the radioactivity of each stan dard was measured by gamma spectroscopy (mean of three determinations) and a polynomial fit of the curve relating optical density of the standards and radioactivity content was obtained and subsequently used to convert tissue optical density to radioactivity values.
The histologic sections were digitized by a video camera system, aligned precisely with the autoradio graphic image using an image array processor, and stored in the computer. Regions within the tumor or brain that were selected for measurement were demarcated by a computer controlled outlining routine on the video mon itor displaying the histological image (Blasberg et al., 1983a (Blasberg et al., , 1984 : The results of obtained values were ex pressed as the means and SD of all individual, 50 x 50 f.Lm measurements within the defined area. Measure ments were obtained in whole tumor (represented by the value in the largest cross-sectional area of a tumor); tumor center; tumor periphery; in brain around tumor (see next paragraph); and in two histologically distinct tumor regions, which have been called hypocellular and dense cellular. The dense cellular regions were comprised of compactly arranged RG-2 tumor cells with small amounts of extracellular space on microscopic examina tion. The hypocellular regions, in which tumor cells were loosely arranged, appeared to be areas of incipient ne crosis, although frank necrotic areas were uncommon.
To obtain measurements in the region where brain and tumor met, rectangles were constructed with the image processor at several points along the tumor margin ( Fig.  5 ). The rectangles began in the periphery of the tumor and extended radially (perpendicular to the tumor margin) into surrounding brain; each rectangle was di vided into 100-f.Lm subdivisions, and the distribution space of the tracer was obtained for each subdivision of the rectangle. In this manner, a profile of measurements in brain as a function of distance from the tumor margin was obtained. The values obtained for each tumor and brain adjacent to tumor represent the mean of several ra dial measurements around the circumference of each tumor. The distribution space was also measured in sev eral tumor-free brain regions in the left hemisphere: pari etal cortex, corpus callosum, caudate nucleus and pu tamen, septal nucleus, hippocampus, thalamus, and hy pothalamus.
Calculations
The distribution space (DS) of [125I]RISA in the tissue was defined as (1) where Am(t) is the measured [l25I]RISA activity in brain or tumor tissue at time t (cpm/g) and Cp is the averaged plasma activity over the time course of the experiment (cpm/ml).
In order to analyze the data, two models will be consid ered. The first model is a two compartment model for blood-to-tissue transport of RISA. The blood-brain and blood-tumor barriers were considered as unit mem branes; RISA was assumed to remain in the extracellular space, (i.e., does not enter cells during the experimental period). This model can be described by (2) and (3) where Ae is the amount of [l25I]RISA in the extracellular fluid, K, is the blood-to-tissue extracellular fluid transfer constant and has units of volume per unit mass of tissue per unit time of ml g-' min -', k 2 is the tissue loss rate constant from the tumor across both the capillaries and tumor margin (min-'), Vp is the intravascular plasma volume of the tissue (ml g-'), and Cp is the plasma con centration of [l25I]RISA. Solving Eqs. 2 and 3 yields Am(t) = K,e-k ,t L Cp(T)e-k ITdT + VpCp(t) (4) which can be used to estimate the parameters K" k 2 ' and Vp from the experimental data. The ratio K,lk2 in this model is a lower limit estimate of the size of the equilib rium distribution space that is equivalent to the extracel lular space, Ve' The half-time (t\-"2) for RISA equilibration between plasma and extracellular fluid is given by
(5)
An estimate of the number of cylindrical "pores" or "channels" in the blood vessels, through which albumin can diffuse, per unit mass of tissue was made using the following relationship:
where PS is the permeability-surface area product of the capillaries, 8 is the average thickness of the capillary wall (= 100 A) (Coomber and Stewart, 1985; Molnar et al., unpublished observations) , D is the aqueous diffusion constant of albumin (6.4 cm2/s x 10-7; value corrected to 37°C) (Edsal, 1953; Putnam, 1965; Peters, 1970) , a is the average radius of the albumin mole cule (3 nm),1 p is the radius of the pore, and N is the number of pores per unit mass of tissue. If K/D is ap proximately constant (i.e., varies by <30%) for different size molecules, then the "holes" or "pores" in the capil lary membrane must be large enough so that the steric hinderance factor is negligible for these molecules. Thus, the nonexclusion zone in the pore must be large, i.e., at least 70% of the total pore area. Hence, the minimal radius of the "pores" must be at least six times the average diameter of the largest molecule (albumin) for which K I ID remains constant [(p -a)2/p2 � 25136 or 0.69]. An estimate of the total number of "minimal" size pores per gram of tissue can be calculated from Eq. 6.
Similarly, the total pore area per gram of tissue (At) can also be estimated from a rearrangement of Eq. 6 as suming a « p:
The second model is an extension of the first and allows for diffusion of RISA through the extracellular space of the tumor and into the extracellular space of ad jacent brain, as well as for bulk flow of extracellular fluid through the extracellular space of both tumor and adja cent brain. In order to quantitate this model, certain sim plifying assumptions must be made. The tumor whose capillaries are permeable to RISA is assumed to be a ho mogeneous sphere surrounded by an effectively infinite volume of homogeneous brain. It is further assumed that the capillaries in adjacent brain, as well as the cells in tumor and brain tissue, are effectively impermeable to RISA during the course of the experiment. In addition, plasma-derived edema fluid may cross the capillaries and move through the extracellular space; this fluid flow may carry RISA across tumor capillaries and through the tissue by convection (solvent drag). Plasma-derived fluid flow in the ECS is also assumed to extend across the tumor margin, into and through adjacent brain paren chyma; but no significant fluid transfer is assumed to occur across normal brain capillaries during the experi mental period. It has also been assumed that the extra cellular space of tumor and adjacent brain are the same 1 The tertiary structure and hydrodynamic properties of al bumin have been extensively studied; it is generally agreed that the overall dimensions of the molecule approximates a prolate ellipsoid with a 3.5 to I axial ratio (14 x 4 nm) (Edsal, 1953; Putnam, 1965; Peters, 1970) . The molecule has a radius of gyra tion in solution of 2.98 nm. It has been assumed here that the albumin molecule can be approximated by a sphere with an average radius of 3 nm in the present calculation of a minimal pore radius for tumor capillaries.
J Cereb Blood Flow Metab, Vol. 7, No.6, 1987 since the RISA distribution space profiles are continuous across the boundary between tumor and adjacent brain, and thus, the apparent diffusion constant of albumin through the parenchyma is the same in tumor and brain.
Letting D (cm2 S-I) be the aqueous diffusion constant of albumin at 37°C; T (no units) is the tortuosity factor for diffusion through the extracellular space (Fenstermacher et al., 1970; Levin et a!., 1970) , such that DT is the ap parent diffusion constant of albumin through the tissue parenchyma; r the distance from the center of the spher ical tumor; C(r,t) the concentration in the extracellular space; vCr) (cm/min) the velocity of fluid flow per unit area; KI' (ml g-I min -I) the transfer rate constant from blood to tumor; Ve' the extracellular space volume of the tumor and the brain; (J the Staverman reflection coeffi cient (Staverman, 1951) for bulk flow of albumin from the blood into the tumor; W (ml g -I min -I) the rate of fluid flow across the tumor capillaries per unit volume of tumor (capillary filtration rate) and b (cm), the radius of the tumor, the partial differential equation for this model may be written as
where Q, the rate of albumin leaving the blood and en tering the extracellular space, per unit volume of extra cellular space is
Assuming that fluid flow across the tumor capillaries is in the steady state, the amount of fluid that crosses a shell of radius r is equal to the total amount of fluid that crosses all of the tumor capillaries that lie within this shell. Thus
Inserting Eqs. 9 and 10 into Eq. 8 and rearranging yields
Eq. 11 is solved numerically by an explicit method of solution (Smith, 1965) .
RESULTS
Animal and tumor characteristics
A total of 72 brain tumors were studied in 58 rats. Meningeal and subdural tumors were not included in the analysis. The physiological characteristics of the animals in the control and dexamethasone treated groups, for each of the three time periods examined, are shown in Figure 1 , along with the number of animals in each experimental group. For purposes of analysis, the tumors were separated into two groups: small «4 mm2) or large (>4 mm2) tumors; the mean maximum cross-sectional area and number of tumors in each experimental group are also shown in Figure 1 . The patterns of tumor distribution and growth were similar to those al ready described (Groothuis et aI ., 1982; Groothuis et aI ., 1983) .
Distribution space in tumor and tumor-free brain
Plasma levels of RISA were essentially constant during the 30-and 240-min experiments; in all ex periments the mean plasma concentration had a maximum variation of <15% (Fig. 2) . The averaged mean values for [125I]RISA distribution space in the small and large tumors (including different regions of the large tumors) are shown for three different experimental time periods (1-, 30-, 240-min) in Figure 3 . Small tumors did not have hypocellular or necrotic areas.
In tumor-free brain regions, the values of distri bution space were fairly constant over ti me (1, 30, and 240 min), and were unaffected by dexametha sone treatment (Table O. Although differences be tween the value at the three time points in Table I are not statistically significant, a consistent small increase in the distribution space is seen between the 1-and 240-min and the 30-and 240-min experi ments. Assuming no appreciable backflux (brain- to-blood) of RISA during this period, the influx constants of RISA for the structures listed in Table  1 were calculated and were found to range between 0.4 and 3.8 f.LI g-I min-I x 10-3 with mean values of 2.0 and 2.3 f.Ll g-1 min-I x 10-3 for control and dexamethasone-treated animals, respectively. By comparing the values in Table 1 with Figure 3 , it is apparent that the RISA distribution space in tumor free brain was consistently lower than that in any tumor region, regardless of the time point or treat ment status.
In untreated large tumors, the mean whole tumor value (mean ± SO) of distribution space of RISA increased progressively from 1.5 ± 0.7 ml hg-I at 1 min to 6.5 ± 2.2 ml hg-I at 30 min and 14.8 ± 3.6 ml hg-I at 240 min ( Fig. 3 ). As is readily apparent from inspection of Figure 3 , the RISA distribution space was consistently smaller in all tumor regions at all time points examined after dexamethasone treatment. In the I-min experiments the differences of distribution space between the control and dexa methasone-treated groups reached significance only in tumor center and in the hypo cellular re- 
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(4) (7) Ta ble 2 for both the control and dexamethasone treated animals. In the control animals, there was moderate regional variation in the values (mean ± SE) of K I (the blood-to-tissue transfer constant) in the large tumors , ranging from 0.78 ± 0.49 f.LI g-I min -I in the dense cellular regions to 4.09 ± 1.23 f.LI g-I min -I in the hypocellular regions. How ever, none of these regional values were signifi cantly different fr om one another. In contrast, the mean K I value for small tumors was 0.27 ± 0.19 f.LI g -I min -I, which was significantly lower than that measured in all regions of large tumors (p < 0.05, Student's t test) , except for the dense cellular re gion. There was a consistent trend for values of K I to be lower in all regions of the dexamethasone treated tumors than in comparable regions of the controls, but these differences were not significant.
Similar to the pattern of K 1 , values of Ve showed some variation in different regions of large tumors; the smallest values were obtained in the small tumors. In the large tumors , the value of Ve ranged from 9.4 ± 2.1 ml hg -1 in the dense cellular regions to 22.0 ± 2.1 ml hg-I in the hypocellular regions (Table 2) . After dexamethasone treatment , the values of Ve were lower in all regions of both large and small-medium tumors. The differences were significant in the whole tumor, tumor center, and tumor periphery. Mirroring the patterns of K I and Ve, the values of Vp showed some variation throughout the large tumors. Although the estimated values ranged from 0.96 ml hg-I in the hypo cellular regions to 1.60 ml hg -I in tumor center, the error associated with the estimates was large and the differences were not significant. Once again, a consistent pattern of lower values was seen in the dexamethasone treated group , but the difference was not significant for any tumor region. Figure 4 shows the [ 1 25I]RISA distribution space profiles in brain around large tumors for both con trol and dexamethasone-treated tumors at 1 min , 30 min , and 240 min, respectively. At 1 min, local in tratumoral values of distribution space are higher in the periphery of control tumors than in the pe riphery of dexamethasone-treated tumors, but this difference dissipates within 100 f.Lm of the tumor margin in brain immediately adjacent to the tumors.
Distribution profile analysis (Model 2)
Be yond 100 f.Lm from the tumor edge to the last measurement (1,250 f.Lm) , values of RISA distribu tion space in control and treated animals are essen tially the same.
By 30 min and at 240 min, the peritumoral distri bution pattern of RISA is quite different. The non vascular distribution of space of RISA, obtained by subtracting the values of the tissue plasma vascular space (as determined from the I-min experiments) fr om the RISA distribution space values in brain around tumors, was appreciable in brain around tumors at 30 and 240 min. For the 30-min experi ments, the values in brain around tumors of control animals were higher than comparable measure ments in dexamethasone-treated animals out to a distance of 350 f.Lm from the tumor margin; beyond this point the values of the two groups overlap (Fig.   4B ). For the 240-min experiments the values of RISA distribution space in brain around tumor of the control group are significantly higher than those of the dexamethasone-treated animals, and this dif ference extends for a distance of > 1 ,200 f.Lm fr om the tumor margin ( Figs. 4C and 5) .
The profile data fr om the 30-and 240-min experi ments (Figs. 4B and C) were fitted to Eq. 11 for various combinations of K I ', Ve', T, and W with different Stavernian reflection coefficients of al bumin across tumor capillaries (Table 3) . For dexa methasone-treated animals, the best fits of the data were obtained by assuming very little or no filtra-
Cl. in control and dexamethasone-treated animals. These images from adjacent tissue sections show the morphology of the intra cerebral RG-2 tumor and the distribution space (ml hg-1) of 1251 radioiodinated serum albumin ([1251]RISA) in tumor and adjacent brain. The autoradiographic image is color-coded to a range of values; the tumor margin is outlined in black. An example of the rectangular analysis to obtain the distribution space profile in brain adjacent to tumor is also shown. Note the difference in movement of RISA from the tumor margin into adjacent brain between the control and dexamethasone-treated animals and the differences in the distribution space within the tumors. Analysis of the 30 and 240 min concentration profiles of radioiodinated serum albumin in peripheral tumor and adjacent brain was performed using a least-squares routine that yielded "best-fit" estimates for the combination of values presented in the table. For dexamethasone-treated animals, excellent and best fits of the data could be obtained by assuming
was required to obtain good fits of the data from control animals ( Figs. 6A, C, and D) . The present analysis of the RISA distribution space profiles ob tained from the 30-and 240-min experiments does not provide an independent "best-fit" estimate of all the parameters listed in Table 3 ; it only demon strates that certain combinations of K I' and V e ' , over a broad range of IT and within a narrow range 
DISCUSSION
The movement of albumin across tumor capil laries and through tissue parenchyma can occur by diffusion, as well as by solvent drag (entrainment in the bulk flow of plasma-derived edema fluid). One of the goals of the present analysis was to attempt to determine the relative contribution of these pro cesses to the observed distribution of RISA in tumor and adjacent brain. Two different kinetic models were used to analyze the experimental data. The first analysis involved a simple, two-compart ment model that assumed that RISA diffuses across tumor capillaries bidirectionally and leaves the local tissue area by first -order movement. Using this model, several cross-sectional planes of the tumor as well as specific regions within each cross sectional plane could be analyzed, based on the morphology of an adjacent tissue section (Fig. 5 , Ta ble 2). The second method involved an analysis of the RISA distribution space profiles in peripheral tumor and adjacent brain. This model could ac count for diffusion of RISA, as well as bulk flow of plasma-derived edema fluid into and through the B. fitted to Eq. 11 for selected values of K/, Ve', W, T, and 0". (A) Control animals: the best fit assuming no bulk fluid flow through the ECS of the tissue (W = 0 f.L1 g-l min-1) required the assumption of nontortuous diffusion in the tissue equivalent to that in water (T = 1.0) and a Ve' of 26 ml hg-1; the sum of squares was 1.5 x 10-3. (8) Dexamethasone treated animals: assuming no bulk fluid flow, yielded a good fit of the data (sum of squares = 8.0 x 10-5); the parameter estimates are shown in Table 3 . (C and 0) Control animals: assuming a modest bulk flow of plasma derived edema fluid through the extracellular space of the tissue yielded good fits of the data for Staverman reflection coefficients between 0.0 (C) and 1.0 (0). The sum of squares for the fits in C and D were 4.9 x 10-5 and 2.1 x 10-4, respectively; parameter estimates are shown in Table 3 . extracellular space of the tissue. However, it re quires certain assumptions (see Methods) and in volves a somewhat arbitrary selection of param eters (within physiological limits) to obtain good fits of the experimental data ( Fig. 6 and Ta ble 3) . Both analyses assume that all animals and all tumors are identical and that RISA is not signifi cantly metabolized and does not enter cells during the course of the experiments.
Extracellular space and albumin influx
A direct comparison of different tumor regions in terms of the RISA distribution space at 240 min ( Fig. 3C) and Ve (Table 2) for both control and dexa methasone-treated animals indicates significant dif ferences. Assuming that the 240-min distribution space approximates the extracellular space ,2 two observations can be made . First, the extracellular space in tumors of control animals varied fr om a low value of � 10 ml hg -1 in the dense cellular re gions to a high value of 22 ml hg -I in the hypocel lular regions , with a mean value of 14 ml hg -1 in large tumors. Second, the size of the RISA distri bution space , as well as Ve, decreased significantly after treatment with dexamethasone. The magni tude of this decrease in large tumors ranged fr om 4.4 (dense cellular) to 6.9 ml hg-I (tumor pe riphery) with a mean decrease in value of 5.8 ml hg-I for the whole tumor (Fig. 3, Ta ble 2) .
A similar comparison of regional influx constants demonstrates that the value of KI in the tumors of control animals ranged from 0.27 to 4.09 IJ..l g-I min -I . This represents a 140-to 2,000-fold increase over the K 1 of RISA in normal brain (=0.002 ,. (Juhler et ai ., 1985) ], the effect of diffusion and/ or bulk flow over a 30-and 240-min experimental time period can be very large. For large tumors , diffusion and bulk flow of the order of magnitude described here will have only a small effect on the results. In contrast, it has been demonstrated here that horseradish peroxidase (MW = 44 ,000 daltons) (Groothuis et ai., 1982) and [3H)inulin (Groothuis et ai. , unpublished obser vations) can slowly enter RG-2 tumor cells, presumably by en docytosis. Movement of this sort will result distribution space and Ve values that slightly overestimate the extracellular space.
the rate of blood-to-tissue transport of water-sol uble compounds in brain tumors is decreased after administration of dexamethasone (Yamada et aI., 1983; Jarden et aI., 1985) . However, these studies have demonstrated only a small change in K 1 , and it is not clear whether this effect is mediated through changes in capillary surface area or capillary per meability per se or through other mechanisms. The influx of RISA across RG-2 glioma capil laries in control animals can be compared to that of a small water-soluble molecule, such as the non metabolized amino acid a-aminoisobutyric acid (AIB; MW = 103 daltons). The difference between KI for albumin and K I for AIB could reflect differ ences in molecular size and diffusivity of the two molecules. If it is assumed that both albumin and AlB enter the tumor parenchyma by unrestricted diffusion across aqueous "pores" or "channels" that exist between or through the endothelial cells, then the ratio of KI values determined for these two molecules should be equal to the ratio of their aqueous diffusion constants (Eq. 6). This equality does appear to be satisfied for RG-2 brain tumors (Table 4 );3 it suggests that the "p ores" or "channels" across the microvessels of RG-2 tumors must be comparatively large and do not cause significant steric or seiving restrictions of the larger albumin molecule. By this argument, the minimum pore diameter must be at least 36 nm (six average albumin diameters) , and for uniform pores of that diameter there would be at most 6.0 x 106
3 The values of KI presented in Ta ble 4 represent intraparen chymal whole tumor values for comparable "large" -sized tumors in control animals and were calculated assuming negli gible diffusion of tracers and negligible bulk flow of plasma-de rived edema fluid through the tissue (Model 1). In the presence of significant diffusion and bulk flow, analysis of the data using Model 2 may provide better estimates of the actual influx con stant in terms of KI' . However, any comparison between values of KI (Table 2 ) and KI' (Table 3 ) must be done with caution since the values of KI' were estimated from an analysis of measure ments made in the periphery of the tumor and adjacent brain. For example, assuming that the value of KI for AIB measured in peripheral RG-2 tumor regions [36.3 ± 2.5 fLl g-I min -I ; Groothuis et ai., 1983) can be compared to the values of KI' shown for RISA in Ta ble 3. The ratio of the K, (KI/KI'; AIB/ RISA) ranges between 17 and 20 (depending on whether (J is 1.0 or 0.0, respectively) and can be compared to the ratio of the diffusion constants as shown in Ta ble 4. For the case of (J = 1.0 for albumin and (J = 0.0 for AlB , an apparent contradiction exists; the similarity between the K and D ratios suggests large pores or channels in tumor vessel walls with little or no steric restriction of albumin flux, whereas a (J of 1.0 implies just the opposite. For the case of (J = 0.0, the ratio of the K, is only 1.16 times greater than the ratio of the D, and this difference is not significant. Thus , the actual value of (J for albumin movement across RG-2 tumor capillaries cannot be accurately estimated or defined from these results. On the basis of morphological obser vations (discussed later in the text) it is suggested that the value of (J is probably low. Summary and comparison of the values of the blood-to-tissue transfer constants (K.) and diffusion constants in water (Dw) of RISA and AlB . Dw for RISA has been corrected to 37°C .
a Source of data Ta ble 2. b Source of data Edsal, 1953; Putnam, 1965; and Peters, 1970. c Source of data Groothuis et ai ., 1983. d Source of data Blasberg et ai. , 1983b. pores per gram of RG-2 tumor, representing a total pore area in the vessels of 6.2 x 10-5 cm2 per gram of tumor (Eq. 7). The capillary surface area (S) of RG-2 brain tumors in control rats has been determined to be -61.5 cm2/g tumor (Molnar et aI., unpublished ob servations). [Comparable measurements of capil lary surface area of RG-2 brain tumors in dexa methasone-treated animals have not been made.] Thus, the fraction of the total surface area of RG-2 tumors that represents "large pores" can be calcu lated; a value of 1.0 x 10-6 is obtained. Similarly, the permeability (P) of RG-2 tumor capillaries can be calculated (Renkin, 1959; Crone , 1963; Fenster macher et aI., 1981) from the values of K l' blood flow (Groothuis et aI., 1983) , and S (Molnar et aI., unpublished observations); P = 7.0 X 10-7 cm S-1 for albumin and P = 1.06 X 10-5 cm S-1 for AIB. Since these values of permeability are at least two orders of magnitude greater than P of a biomolec ular lipid membrane for comparable molecules (Rapoport, 1976) , the presence of pores across the capillaries of RG-2 brain tumors is strongly sug ge sted by this data.
The total pore area that results in the observed flux of albumin and AIB across RG-2 tumor capil laries is very small compared to the total surface area of the vessels (1/106). Thus, it is not surprising that such small pores are not commonly observed in electron micrographs of the tumor vessels (Levin et aI., 1980; Molnar et aI., unpublished observa tions) . In contrast, vesicular structures in tumor en dothelial cells are numerous and frequently ob served in electron micrographs (Vick, 1980) . The fr equency of vesicles is difficult to reconcile with our calculations of total pore area and frequency of minimal size pores. This dichotomy and the data in Table 4 argue against a vesicular mode of transport of albumin and AlB across RG-2 tumor vessels (Bundgaard et aI., 1979) .
The relationship between the influx and diffusion constants of RISA and AIB (Table 4 ) suggests that the filtration or bulk flow of plasma-derived edema fluid across tumor capillaries is negligible. This conclusion is warranted only if it can be shown that the movement of RISA and AIB across the capil laries is unrestricted (i.e., (T = 0). However, under conditions of a heterogeneous capillary pore size and restricted movement (i.e., sieving) of albumin compared to that of AIB across the capillary wall , the situation is more complex. For example, the fil tration (convective flux) of albumin relative to AIB will depend on the ratio of their Staverman reflec tion coefficients [(1 -(T)RISA/(1 -(T)AlB], and this ratio could be � (DRIsA/D AlB)' Thus the ratio of the measured transfer constants (KRISA/KAIB) could equal the ratio of the diffusion constants (DR1SA/ D AlB) for various combinations of bulk fluid flow and restricted albumin filtration across the tumor capillaries.
Edema fluid and albumin movement
Analysis of the RISA distribution space profiles in peripheral tumor and adjacent brain tissue re vealed significant differences between control and dexamethasone-treated animals ( Fig. 4 and 5) . Esti mates of the fraction of total tissue RISA in tumor and brain around tumor could be calculated from the data by assuming spherical tumors; in control animals, the (tumor, brain) fractions were (0.81, 0.19) and (0.46, 0.54) at 30 and 240 min, respec tively; for dexamethasone-treated animals, the cor responding values were (0.84, 0. 16) and (0.57 , 0.43) , respectively. These differences between con trol and treated animals cannot be due to diffe r ences in vascular space alone (Fig. 4A ). Three mechanisms could explain the distribution space profiles observed in Figure 4B and 4C: (a) the vessels in brain around tumor have increased per meability above that in normal brain, and this in creased permeability varies as a fu nction of dis tance from the tumor margin and decreases after dexamethasone treatment; (b) RISA diffuses through the extracellular space from the tumor margin into brain around tumor, and the apparent rate of diffusion through the tissue decreases after dexamethasone treatment; (c) RISA moves from the tumor margin into brain around tumor by con vection due to entrapment in a bulk flow of plasma derived edema fluid moving through the brain ex tracellular space (in addition to simple diffusion) and that convection or bulk flow of edema fluid through brain around tumor is considerably re duced by dexamethasone treatment.
It is possible that some increase in capillary per meability occurs within the first 25 0 j-lm of brain adjacent to the tumor; this was suggested by the previous autoradiographic studies in which the KI of AIB in brain around tumor for RG-2 brain tumors was 10 j-ll g-I min -I in nondexamethasone treated animals (Groothuis et ai ., 1983) . The com parable K I values for brain surrounding tumor (de fined as a brain that is between 25 0 and 500 j-lm from the tumor margin) and tumor-free cortex were 1.9 and 1.5 j-ll g-I min -I, respectively. However, these K I values for AlB in brain around tumor and brain surrounding tumor could not explain the dis tribution space profiles of RISA in Fig. 3B and C, where the nonvascular distribution space is signifi cantly above brain values at distances of 35 0 and > 1,200 j-lm from the tumor margin, respectively. In addition, it is now believed that the reported KI values of AlB in brain around tumor may be some what high due to diffusion and/or convection of AlB from the tumor margin that occurred during the 1O-min experiments and subsequent processing of the tissue for autoradiography, as well as to some scatter of radioactivity from the high levels of the tumor margin into the first 100 j-lm of brain around tumor during exposure of the SB5 x-ray film (Smith, 1983) .
To evaluate whether diffusion from the tumor margin into adjacent brain alone could explain the distribution space profiles of RISA in peripheral tumor and adjacent brain required certain assump tions, as discussed above and in Methods. In dexa methasone-treated animals the calculated diffusion profile of RISA from the tumor margin through a tortuous extracellular space of peripheral tumor and adjacent brain is consistent with the actual dis tribution space profiles measured in the 30-and 240-min experiments; very little or no filtration of plasma-derived fluid appears to occur across RG-2 tumor capillaries and very little or no bulk flow of ECF appears to occur through the tissue paren chyma (Fig. 6B) . In control animals the situation is a little more complex. The calculated diffusion pro files in the absence of filtration (i. e. , W = 0 j-ll g-I min -I) yielded comparatively poor fits of the data. The best of the 'poor fits' was found for 'nontor tuous' diffusion through the tissue (i. e. , T = 1.0, Fig. 6A ; for tortuosity factors < 1.0, the calculated diffusion profiles resulted in worse fits of the data).
Thus, a bulk flow of plasma-derived edema fluid across tumor capillaries (W = 0. 7 to 0. 8 j-ll g-I min -I) was required to obtain good fits of the data in control animals ( Fig. 6C and D) . Equally good fits could be obtained for Staverman reflection co- Vol. 7, No. 6, 1987 efficients ranging between 0. 0 and 1.0 with modest variations in the values of K I ' and Ve ' and a slight variation in T (Table 3) . Assuming (J' is 0. 0 (no re striction or sieving of RISA at the tumor capil laries), the filtration of RISA across tumor capil laries due to solvent drag in control animals repre sents <1/3 of the total flux. With respect to AlB influx, movement across tumor capillaries by en trainment in bulk fluid flow of this magnitude would contribute negligibly (e. g. , 1150 of the measured flux). For values of (J' > 0. 0, the fraction of total RISA influx due to filtration across the capillaries decreases and the values of KI ' and Ve ' must be increased to obtain good fits of the experimental data. When (J' = 1.0 (complete restriction and no filtration of RISA across the tumor capillaries), maximum estimates of KJ ' and Ve ' are required for a good fit of the RISA distribution space profiles in control animals (Table 3) . Under these conditions, the plasma-derived edema fluid that enters the tumor is devoid of RISA.
Although the present analysis of the RISA distri bution space profiles in control animals cannot dif ferentiate the actual Staverman reflection coeffi cient for albumin at the tumor capillaries, we sug gest that it is probably low (i. e. , (J' = 0). This suggestion is based on morphological evidence that indicates some aqueous pores across RG-2 tumor capillaries are large [e .g., capillary endothelial dis continuities have a mean (± SE) diameter of 65.9 ± 8. 1 nm (Molnar et ai ., unpublished observations) and are approximately twice the estimated min imum pore diameter required for negligible steric hindrance of albumin movement through the pores].
The estimated rate of plasma-derived edema fluid moving across RG-2 tumor capillaries (W) was low compared to the rate of albumin clearance from plasma due to diffusion through endothelial cell pores (KJ ') in control animals (Table 4 ). For an ex tracellular space of 16 ml hg-I «(J' = 0; Ta ble 4), it would take �3.8 h to replace an equivalent volume of extracellular fluid by plasma-derived edema fluid. For an extracellular space of 25 ml hg -I «(J' = 1.0; Ta ble 4), a similar exchange would require �5.2 h. No comparable estimates in the literature for the rate of fluid movement across brain tumor vessels could be found. Due to the high cellular density and predominance of gray matter in rat brain, the values of W estimated in this study may be low compared to that in human and other experi mental brain tumors. Estimates of the hydraulic conductivity (L p ) or the filtration coefficient (L � ) of the tumor capillaries could not be made from the present estimate of W since the values of IT and the hydrostatic pressure gradient across the capillaries are unknown.
Implications for tumor-associated brain edema and dexamethasone treatment
The edema associated with brain tumors is con sidered to be "vasogenic" (Klatzo, 1967; Hoss mann et aI ., 1980) . The constituents of vasogenic edema fluid primarily originate from plasma; the force that drives fluid movement from blood into tumor and adjacent brain parenchyma is arterial hy drostatic pressure. Net fluid movement into the in terstitial space of adjacent brain parenchyma occurs when the mechani sms regulating brain volume are disrupted (Fenstermacher, 1984) . The capillary system of tumor and adjacent brain plays a primary role in regulating brain volume and re stricts the movement of plasma-derived fluid into tissue: (a) although water diffuses fairly rapidly across capillaries with tight junctions, net (bulk) water movement is slow due to the low hydraulic conductivity of normal brain vessels (Fenster macher and Johnson, 1966) ; (b) the oncotic pres sure of plasma proteins at the endothelial cell mem brane of normal capillaries (with osmotic or Sta verman reflection coefficients of 1.0) provides a balance to the hydrostatic pressure gradient be tween intravascular and extravascular tissue com partments; and (c) the relative impermeability of brain capillaries to the main ionic constituents of plasma (e. g., sodium and chloride) provides the po tential for additional osmotic buffering capacity to further restrict the rapid passage of water into brain extracellular fluid (Katzman and Schimmel, 1969) . In addition, the small narrow channels that com prise the extracellular space of brain restrict the rapid flow of extracellular fluid (or ed ema fluid) through the tissue parenchyma (Fenstermacher and Patlak, 1977) .
The vessels in malignant brain tumors have been shown to have large fenestrations and frank discon tinuities of endothelial membrane (Long, 1970; Vick, 1980) and these tumors frequently show dra matic contrast enhancement on CT scanning. Sim ilar morphological observations have been made in experimental RG-2 brain tumors (Molnar et al., un publi shed observations). These disruptions in the end othelial cell membranes of tumor vessels are likely to result in an increase in hydraulic conduc tivity of the tumor vessels. The Staverman or os motic reflection coeffici ents of plasma salts and plasma proteins are also likely to decrease, re sulting in a reduction of the effective osmotic buff-ering capacity that restricts the flow of water across tumor capillaries. Under these conditions, the transmural hydrostatic pressure gradient across the vessels is not effectively balanced by the dimin ished or absent intravascular osmotic pressure. This imbalance results in the flow of plasma de rived fluid into the tissue parenchyma; namely, va sogenic edema Clasen et al., 1968; Fenstermacher and Patlak, 1977) .
From the region with disrupted tissue capillaries (e. g., tumor margin), plasma-derived edema fluid can move fairly large distances by convection through "low" resistance pathways in the extracel lular space of adjacent tissue parenchyma (e. g., the white matter in brain). The rate and extent of edema development in adjacent brain will depend on the hydrostatic pressure gradients in the tissue, the hydraulic conductivity of fluid flow through the tissue extracellular space, and the rate at which edema fluid is removed from the tissue (Reulen, 1976; Fenstermacher and Patlak, 1977; Fenster macher, 1984) .
It is clear from this discussion that vasogenic brain edema can result from the breakdown of sev eral volume regulating mechanisms of the tissue and that increased capillary permeability for spe cific solutes represents only one aspect of the edema process. Similarly, the effects of corticoste roids, such as dexamethasone, on the edematous process are complex and involve biochemical, as well as physical, processes. The parameters that define the flow of edema fluid, such as hydraulic conductivity across the capillary membrane and through the extracellular space of adj acent tissue parenchyma, or the forces due to hydrostatic and osmotic pressures, are not easily measured and, therefore, are frequently ignored in the discussion of vasogenic edema and its treatment .
The postulated effect of dexamethasone on the interstitial space and the convective flow of fluid and RISA in tumoral and peri tumoral edema may also hold for another form of vasogenic edema. Using similar experimental techniques, Yen et aI . (1985) have investigated the distribution of RISA and AlB in the rat freeze-lesion model of cerebral ed ema. As in the present study, dexamethasone di minished the rate of RISA penetration into the tissue adjacent to the primary lesion and apparently also decreased the RISA distribution space in this area. In contrast, however, Yen et al. found that dexamethasone did not decrease the RISA distribu tion space within the lesion as was observed in the present experiment . Since the destruction in the primary lesion area caused by cold injury is exten-sive and severe , there may be few viable cells in this area that can respond to the drug and alter the size of the extracellular space . Thus , the only place that dexamethasone could act in the freeze-lesion model is on the relatively intact cells around the area of heavy destruction. This difference in the lo cation of the active, responsive cells between these two types of vasogenic edema may explain, in part, the dramatic effectiveness of dexamethasone in the treatment of tumor-associated edema and the lim ited effectiveness of this drug in the treatment of the edema that arises from neural trauma.
Our results show that dexamethasone signifi cantly reduces the distribution space of albumin in both tumor and adjacent brain tissue . This analysis of the data suggests that dexamethasone reduces the extracellular space of the tumor and adjacent brain, reduces the water flow across the capillaries, and may also reduce the influx rate constant of al bumin across the capillaries by a factor of 2 to 3. The mechanism by which tumor and brain extracel lular space is reduced by dexamethasone is not completely clear. One possibility is that dexametha sone acts only to decrease the size of the pores in the capillary, but not their number. Since bulk flow through these pores is proportional to the fo urth power of the radius (Poiseuille flow) , the resistance to water flow could be increased by a fa ctor of fo ur to nine in the present dexamethasone-treated an imals. This increased resistance (or decreased hy draulic conductivity) across tumor capillaries could result in a lower rate of water flux into the tumor and secondarily could result in a decrease in the size of the edematous and expanded extracellular space . Another possibility is that the primary ac tion of dexamethasone results in a decrease of the extracellular space and only secondarily caused a slight reduction in the influx rate constant for al bumin. Some evidence suggests that dexametha sone treatment results in a fluid shift from extra-to intracellular compartments due to effects on the cell membrane sodium-potassium pump (Drayer et aI ., 1984) . A modest reduction of the extracellular space in experimental RG-2 tumors (ranging fr om 4 to 7 ml hg -l) could cause a marked increase in the resistance to bulk flow of edema fluid through the tissue extracellular space, an increase in interstitial fluid pressure and thus a marked decrease in the water flow across the capillaries by diminishing the transmural pressure gradient across tumor vessels (Fenstermacher and Patlak , 1977; Fenstermacher, 1984) . In either case, one of the beneficial aspects of dexamethasone treatment may relate to its effect on tumor and adjacent brain extracellular space and J Cereb Blood Flow Metab, Vol. 7, No . 6, 1987 result in a significant reduction in the production and propagation of vasogenic brain edema.
